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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM
AN ANALYSIS OF THE POYENTIALITIES OF A TWO-STAGE
COUNTERROTATING SUPERSONIC CCOMPRESSOR
By Ward W. Willcox -

SUMMARY

Because of recent developments which have indicated that relative
Mach number limits may be raised to low supersonic values (<1.6) with
satisfactory efficiency, an evaluatlon of the potentislities of an axisl-
flow counterrotating supersonic compressor was made. In order to deter-
mine the magnitude of the major design varidbles at the various pressure
ratlo levels, a one-dimensional esnalysis was made for blade speeds at
intervals from 1000 to 1400 feet per second. The analysis showed that
pressure ratios up to 8 may be obtained at values of turning angle, flrst-
stage Mach number, and tip speed considerably lower than are now being
considered for single-stage supersonic compressors. Although the second-
stage Mach number is inherently higher than that of the first stage, it
mey be held to values of 1.6 or less for pressure ratios up to 6. For
all cases conslidered by this analysls, the outlet conditions were such
that the stator problem was minimized; that is, the Mach numbers were
=<1.2 and the flow angles were <30°,

The results of a simplified three-dimenslonsel-design study are pre-
sented for a pressure ratio of 8 in order to demonstrate the similarities
to and differefices from the one-dimensional analysis. In general, the
over-gll trends are similar, although the average velocitlies were lower
at the inlet and higher throughout the rest of the compressor than Indi-
cated by the one-dimensional analysis. For equal energy addition from
hub to tip, more turning was required along the hub than along the tip
in both stages; thus, the average turning was somewhat greater than that
of the simplified analysis.

A comparison of the component performancés of two compressor siages
investigated at the NACA Lewis lgboratory with the analytical require-
ments for a pressure ratio of 5 indicated that & counterrotating compres-
sor with the following performance might be constructed from existing
design information:

Weight flow, 1b/(sec)(sq ft frontal area) . . « + « « « « « o & « « » 30
Pressure ratio. . « ¢« ¢ ¢« o ¢« ¢« o & 2 s o s o 4 o+ s s 4 s s e« s s« s O
Tip speed, ££/8€C « v + ¢ 4 ¢« & 4 « 4 4 4 e e 4 e s e e s o« & . . 1100
Adlabatic efficienty. « « « « ¢« ¢« « o« s+ o« ¢« « o o« « o« « « 0,80 or higher

If the weight penalty resulting from the mechanical details of coaxial
shafting were not too severe, a distinct advantage In engine size would
be possible,

B
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INTRODUCTION

The chaeracteristics demanded of the compressor component by jet-
engine designers are meny snd varled. The optimm compressor would pass
maximm welght flow per unitfrontal area, would produce the desired
pressure ratio with & minimm number of stages and blades, would rotate
at speeds suitable for the turbine component, and would maintain a high
adisbatic efflclency over the full range of required operating conditions.
Of the various types of compressor now being used or projected for future
use,; each hes 1ts merits and faults. The supersonic axial-flow compres-
sor, for example, eappears to offer adventages of hlgh stage pressure
ratio and high weight flows (reference 1) but problems peculiar to this
compressor type have accompanied its introduction. For high single-
stage pressure ratios-(>-4) the problem of converting the high dynamic
energy to useful pressure arises (reference 2). In addition, the high
tip speeds and welght flows combine to create a difficult -situastion for
the turbine designer (reference 3).

It has long been recognized that the counterrotation of successlve
stages of an axial-flow compressor offers potentlslly high pressure
ratios per stage without excessive rotational speeds. At the tlp speeds
now utilized in Jet engines, the mechanical problems of counterrotation
1limit the number of stages to two, driven by a single geared turbine or
two free-running turbines through concentric shafts. In order to find
any useful gpplication, therefore, a counterrotating compressor must
produce the desired pressure ratio in two stages and at the same time
maintain the other desirable characteristles previously mentioned.

In the past, when aerodynamic conslderations limited the Mach num-
ber relative to the blades to 0.8, the low over-all pressure ratios
obtainable from two counterrotating stages did not warrant-the additional
mechanicel complexity involved. Recent experimental results from com-
pressors designed to operate at tramsonic relstive Mach numbers (refer-
ence 4) have indicated, however, that an efficiency comparsble with that
of subsonic stages may be maintained up to a Mach number of 1.2. In
addition, recent unpublished dates show that Mach numbers in the low
supersonic range (<1.6) may be employed in a supersonic axial-flow com-
pressor wilth satisfactory adilsbatic. efficiency (0.85 for rotor alone).
Because of these recent. developments indicating that limiting Mech num-
bers can be raised well ebove previous values, & reevaluation of the pos-
slbilities of the.counterrotating compressor appeared to be advisable.

With the belief that the trends determined by a one-dimensional
enalysis would slso apply for practical compressor designs, such an
anslysls was made at the NACA Lewis leboratory for several typilcal
counterrotating compressor deslgns in order to determine the pressure
ratio potentlal and the order of megnltude of some of the required
design variables at these pressure ratiocs. Complete velocity diagrams
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were determined at intervals of blade speed varying from 1000 to

1400 feet per second for three different outlet conditions. The first
case specified purely axisl discharge st a Mach number of 0.70 and thus
elimingted the need for stators, although some annular diffusion would
be necessary. The other two cases gpeclfied an outlet Msch number of
1.2 with absolute whirl compornents of 400 and 800 feet per second. The
flow angles corrésponding to these whirl components were approximstely
15° and 30°, respectively. In addition, the effect of inlet guide vanes
was determined for 10° counterprerotation at & blade speed of 1200 feet
per second for the case wlth the ocutlet whirl component of 800 feet per
second.

In order to indicate the validity of the trends established iIn the
one-dimensional anslysis, .an spproximate three-dlmensionsl compressor
design was made for a pressure ratio of 8. No attempt was made to deter-
mine the optimum configuration at this one pressure ratio. For this com-
parison, the blade speed of the one-dimensional anslysis was considered
as the mean outlet wheel speed of a three-dimenslional design and the
similarities and differences imposed by consideratlon of flow at other
radii were determined. .

In order to indicate the possibility of using current Information
to produce a practical counterrotating supersonie compressor, the compo-~
nent performence of two exlasting compressor rotors was gpplled to certain
design specifications from the one-dimensional analysis for an over-all
pressure ratio of 5.

. ONE~-DIMENSIONAI. ANALYSIS AND CORDITIONS
Initial Assumptions

For the purposes of this analysis, vector dlagrams were prescribed
at the inlet and the outlet of each stage without regard to the specific
details of blade construction necessary to obtain the desired condl-
tions. The two stages were assumed to rotate in opposite directions at
the same angulsr speed. Flow conditions were at constant radius through-
out the analysis. Although some of the pressure ratios, and thus tem-
peratures, covered by thils analysis were high, a constant value of the
specific heat of air (0.24) was used for simplicity.

In this report no direct consideration was given to the presence or
absence of shock waves, boundary layer, flow separation, wekes, and so
forth, but an allowance for the effeet of such disturbances was made by
assuming values of adiabatic efficiency based on experience. For the
first stage, where Mach numbers are relatively low, a value of 0.90 was
chosen. This value 1s consildered to be realistic at low blade speeds
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('<1200 ft/sec) but too high at higher blade speeds. Because the Mach

numper level in the second stage was considerebly higher, an adlsbatic .
efficiency of 0.85 was chosen. This efficiency was alsoc considered real- *
istic for Mach numbers up to 1.6, but too high for higher values at the

present time. Although the assumption of a pressure recovery (ratio of

outlet to inlet total pressure relative to the blades) as a function of

relative Mach number may seem to be more sultable, this assumptlion results

in increasing adisbatic efficiency with an increase in rotor turning

(pressure ratio). This situation is contrary to compressor experience.

2569

A typical set ofvector disgrams for a counterrotating compressor
wlthout inmlet gulde vanes is shown In figure 1. Ailr enters the blading
at a relative velocity V' and angle Bi which depend on the blade

speed wr and the inlet velocity Vg, 1 (A11 symbols are defined in -
appendix A.) For this analysis, the axial inlet Mach number was chosen

to be 0.70 and blade spéeds were varled from 1000 to 1400 feet per sec-

ond. The alr is decelerated relatlve to the blades and turned to the

angle ﬁé shown in the second diagram. Addition of the blade speed

determines the absolute outlet velocity V,; at the angle f5.

The amount of deceleration and turning in the blading of the Pfirst
stage determines the pressure ratio obtainable from this stage and also
establishes the whirl component at the entrance to the counterrotating
second stage. In general, the deceleration in the first stage should he .
as large as poselble to reduce the second-stage inlet Mach number. As a
result of a survey of runs pf several rotors, a value of deceleration
was chosen vhich corresponded to 40-percent conversion to static pres- -
sure of the difflerence between relative static and total pressures at—
the rotor inlet. This is considered to be an attaineble value of con-
version at moderate inlet Mach numbers.

The wheel speed of the second stage, which rotates in a dlrection
opposlte to the £lrst, then determines the value of angle and velocity
relative to the second rotor. Outlet conditions for the second rotor
were set up for the three different cases shown in figure 1 as selected
on the basis of stator inlet conditions. From the established sbsolute
outlet vectors it was possible to determine the relative conditions =and
hence the turning and velocities throughout the dilsgram.

The three different types of outlet conditlons considered are:

Case 1: Discharge at an ghsolute Mach nuMber of 0.70 in an axial
direction. No stators are needed.”

Case 2: Discharge at & Mach number of 1.2 with a whirl component ..
of 400 feet per secound. This condition results in a small absolute -
outlet angle B4 'of about 15°.
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Case 3: Discharge at a Mach number of 1.2 with a whirl component
of 800 feet per second. This condition results In an gbsolute outlet
angle of about 30°.

In cases 2 and 3, where stators are required to return the air to
the axlial direction, it was considered reasonable to assign a higher Mach
number at the second-stage rotor outlet, since this change essentially
transfers part of the deceleration to the stators. A semple calculation,
which presents & complete example of case-2 design at 1200 feet per
second, 1s given in sppendix B. The pressure ratlos presented in {this
report do not lnclude stator losses.

Case 1

In the following discussion the maJjor design varisbles which wlll be
presented as functions of over-all pressure ratio for case 1 are: rela-
tive turning angle for each stage, Mach numbers relative to the inlet
and the ocutlet of each stage, and the distribution of total-pressure
ratio and enthalpy rise between stages. Similar presentations will be
made for cases 2 and 3.

Required turning per stage. - The varlation of both first- and
second-stafke relative turning angle with over-all pressure ratio is glven
by figure 2 for blade speeds of 1000, 1100, 1200, 1300, and 1400 feet per
second. As would be expected, the osver-all pressure ratio Increases as
first-stage turning and blade speed incresse. Vealues of second-stage
turning are restricted to a smaller range of values by the requirement
of axlal discharge at a Mach number of 0.7. The dash-dot line across
the inlet turning curves represents sxial discharge relative to the
first rotor. In general, for case 1, the flrst-stage turning exceeds
the second-stage turning except at very low pressure ratios.

Mach number relatlve to the Plrst stage. - The Inlet and the outlet
relative Mach numbers are given for the first stage in figure 3. The
inlet relstlve Mach number, which has a unique value for each blade
speed, 1s quite low (<1.49) because blade speeds are kept low while
the desired pressure ratlios are still obtasined. The outlet relative
Mach number, which was determined by the requirement of 40-percent con-
version mentioned in & preceding section, decreases slightly with
increasing over-all pressure ratio and increases slightly as the blade
speed is raised. In a1l cases, however, the outlet relative Mach number
is subsonlc and requires some type of shock within the rotor.

Mgch number relative to the second stage. - The inlet and the out-
let Mach numbers relative to the second stage are shown in figure 4. By
the nature of counterrotstion, the second-stage inlet Mach number is
higher than the first-stage inlet Mach number. Because the second-stage
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inlet Mach number is virtuelly independent of blade speed for case 1, a
gingle curve 1s glven for all speeds. The outlet Mach numbers, as with
the flrst stage, decresse with decreasing blade speed and increasing
pressure ratio. The deceleration wlthin the second stage, as shown by
the difference between inlet and outlet: Mach numbers, increases somewhat
as blade speed decreases.

Distribution of enthalpy rise between stages. - The distribution of
enthalpy rise or work between the two stages is & matter of some concern
to turbine desligners. Figure 5 shows that, for case-l deslgn, where
rotation 1s introduced in the first stage and then removed by the second,
the total enthalpy rise 1s evenly divided between the two stages. In a
counterrotating Jet engine with separate coaxial shafts, the second com-
pressor stage would be driven by the first turbine stage. To assign
only nelf the work lcad to the higher-temperature shorter-bladed first
turbine stage might result in excesgively difficult design problems for
the second turbine stage. It i1s desirsble, therefore, to delegate &
greater share of the energy addition to the second-stage compressor rotor
and hence to the first turblne rotor. In order to afford s direct com-
parison of enthalpy-rise dlstributlion, the first-stage enthalpy rise is
plotted against second-stage enthalpy rise for cases 1, 2, and 3 in fig-
ure 5. Contours of constant over-all pressure ratlo are shown by the
dashed lines.

Distributlon of pressure ratio between gtages. - For -case-l deslign,
with the energy addition the same for esch stege, the second-stage pres-
sure ratio must necessarily be less than that of the first stage,
becausge the inlet tempersture is higher. In addition, for this particu-
lar analysis, second-stage efficiency was assumed to be 85 percent as
compared with 90 percent for the first stage. The resulting distribu-
tion of pressure ratloc is independent of blade speed and is shown in
figure 6.

Case 2

For case 2, the outlet conditions chosen were for an ebsolute Mach
number of 1.2 with a residual whirl component of-400 feet per second.
An outlet engle of approximately 15° resulted.

Required turning per stage. - As shown by flgure 7, the increase in
pressure ratico resulting from an edditional 400 feet per second of
residual whirl mskes less first-stage turning necessary for & given .
over-all pressure ratio than for case 1 (fig. 2). On the other hand,
the second-stage turning is increased considersably and is now of the
same order of magnitude as the first-stage turning. The absolute values
of turning are conservative as compared with single-stage supersonic
compressors of similar pressure ratio. .

2569
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Mach number relative to the first and second stages. - It is cbvious
that adding a whirl camponent at the end of the second stage will not
alter the entrance conditions into the first stage. On the basis of a
chosen pressure ratio, however, the first-stage outlet Mach number will
vary a small amount from that shown in figure 3 because less first-stage
energy addition is necessary. This effect is of minor importance and
therefore the first-stage outlet Mach number is not given for cases 2
and 3.

For comstant pressure ratio, the second-stage inlet Mach number may
be seen (fig. 8) to decrease slightly as blade speed is increased. A
comparison of the curves for case 2 with those for case 1 (fig. 4)
reveals considersbly lower second-stage inlet Mach numbers for case 2
for g1l pressure ratlos.

The relative outlet canditlons for case 2 are not dlrectly compar-
gble with those of case 1. In an effort to redistribute the decelera-
tion between the rotor and the stators, the outlet Mach number was
Increased from 0.70 to 1.2. The rotor deceleration, as shown by the
difference between inlet and outlet relative Mach numbers, is thus lower
than for cese 1. 1In addition, the deceleration is slightly less for the
higher blade speeds.

The stator problem for the conditions of case 2 is a minor one as
compered with impulse-type supersonic compressors (reference 3). The
flow angle is of the order of 15° and thus the required turning is low.
Sample calculatlons have shown that the complete loss of the 400 feet
per second whirl component would decrease the pressure ratio by only
6 percent for the outlet condition of case 2. Diffusion of the axisl
component of veloclity 1s therefore the principal objective in the
stators. This can probebly be done efficiently, since a Mach number of
1.2 has a negligible normsl-shock loss. The over-all pressure ratios
glven for cases 2 and 3 do not include any stator losses.

Distribution of enthalpy rise and total-pressure ratio between
stages., - Reference to figure 5 shows that for case 2, second-stage
enthalpy rise exceeds that of the first stage by a fixed amount which
depends on the blade speed' as well as on the residual whirl.

The varistion of first- and second-stage pressure ratios with over-
all pressure ratio is glven in figure 9. At low over-all pressure
ratios, the second-stage pressure ratio exceeds that of the first stage,
while at values above epproximaetely 7, the opposite is true.

Case 3

For case 3 an outlet Mach number of 1.2 was specified, with a
resldual whirl component of 800 feet per second.. This condition
results in a flow angle in the neighborhood of 30°.
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Required turning per stage. - The curves of first- and second-stage
turning against over-all pressure ratic for case 3 are glven in fig-
ure 10. For most over-all pressure ratlos the second-stage turning
exceeds the first-stage turning. As compered with case 2 (fig. 7), much
less first-stage turning is required for & given over-all pressure ratio
and as a result more second-stage turning 1s required. As in cases 1
and 2, at a glven blade speed the second-stage turning is little affected
by the pressure ratio required; that is, a higher pressure ratio is
obtained by lnecreassing the flrst-stage turning.

Mach number relative to the second stage. - The inlet and outlet
relative Mach numbers are presented in figure 11 for case 3 for various
blade speeds and over-all pressure ratios. For a glven pressure ratio,
the condition of lower first-stage turnlng than for case 2 results in
lower second-stage inlet Mach numbers. As for case 2, this inlet Mach
number decreases with incressing blede speed. Examination of the outlet
relative Mach numbers shows that they are lower than for case 2 but are
relatively unaffected by blade speed or over-all pressure ratio. In
spite of the reduced inlet Mach number at the Inlet of the second stege,
the deceleration within the stage 1s greater for case 3 than for case 2,
although still less than for case 1.

2569

The considergble increase in second-stege turning and deceleration
rate required of case-3 design, accompanied by an easing of first-stage
design conditions, penalizes the second-stage design in spite of the
reduced Mach number level. B T

Distribution of enthalpy rise and total-pressure ratic between
stages. - From figure 5, it may be noted that for cese 3 the enthalpy
rise is much greater for the second stage than for the first stage.
This difference 1s accentuated at the higher blade speeds. As shown by
flgure 12, the second-stage pressure ratio exceeds the first-stage
pressure ratlo for case 3 for all except high over-all pressure ratios.
This difference is greater at the higher blade speeds.’

Comparison of Design Varlebles for Ceses 1, 2, and 3

Although direct comparison of the three cases must be tempered_by
consideration of the stator requirements, some general observations can
be made. TFor all three cases, the inlet conditions into the first stage
are consldered reasonsble (M{<1.49). For most pressure ratios, the

turning angle is kept down to values below the angle of turning to the
axlal direction. The deceleratlon rate chosen is consldered practical
for this range of Mach number. Actually, a very wlde cholce of turning
angles and deceleration rates is syvailable.
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In the second stage, the peak Mach number required for a glven over-
all pressure ratio may be reduced by increasing the second-stage pressure
ratio. In this event stators are required to remove the whirl component
and may be made to share part of the deceleration. Obviously, any num-
ber of varistions of deceleration and second-stage turning are possible
for a glven pressure ratio with different stator inlet conditions as s
result.

For exsmple, in s design with case-l outlet diagram, at a pressure
ratio of 6 and blade speed of 1300 feet per second, the second-stage
turning angle is 15.5° and the outlet relstive Mach number is 1.15. By
a reduction in the relative Mech number to 1.02 in the blades, sn outlet
absoluge Mach number of only 0.5 is obtained with s second-gstage turning
of 7.3".

In general, case-3 operation simplifies the first-stage design at
the expense of that of the second stage. For high pressure ratios (> 8)
qutlet angles of the order of that for case 3 may be requlred, and the
stators will have to assume g large share of the deceleration.

In the reglon between case-1 and case-2 design there 1s a type of
operation where the residual whirl could be ignored wilth less loss than
could be expected from stators. The cases presented in this report are
not necessarily optimum but are typical examples set up to cover a range
of conditions. Actually, & wide range of outlet conditions which could
be utilized for specific spplicstlons is gvailsble.

Effect of Prerotation

A comparison of a case-3 design is presented in figure 13 for =a
blade speed of 1200 feet per second with the seme design having 10° pre-
rotation against the rotor direction. As compered with the effect of
blade speed or first-stage turning, the effects of prerotation are
small. .At a given blade speed and pressure ratio, prerotation increases
the Mach number entering the first stage and decreases the Mach number
entering the second stage (fig. 13(a)). Both first- and second-stage
turning required for a given pressure ratio are decreased a few degrees
(fig. 13(b)). First-stage pressure ratio (and therefore first-stage
enthalpy rise) 1s increased by prerotation with a corresponding decrease
in second-stage values (fig. 13(c)). For case-3 operation, prerotation
mey be of some help in properly distrilbuting the total deceleration
between stages. For case 1, however, prerotation depreciates an enthalpy
distributlion which is already poor.

At the high axial inlet Mach numbers (0.70) characteristic of
supersonic compessors, the use of prerotation is limited because of
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choking in the gulde vanes. Unpublished experiments have shown that in
an annulus of constant area, only 10° or 129 turning 1s possible without
choking for an axial Inlet Mach number of 0.70.

THREE -DIMENSIONAT. COMPRESSOR DESIGN

The preceding enalysls 1s based on the premise that a fluid element
1s always t the same radius in its path through the compressor. Such
1s not the case for practical compressor designe and some discussion of
the resulting veriatlion from the analysls 1s required. In order to pro-
vide maxlimum weight £flow per unit of frontal area for the compressor, a
low hub-tlip radius ratio is necessary for the first stage. For example,
in order to obtain a welght flow per unit frontal area of 33.9 pounds
per second at an axial Mach number of 0.70, a hub-tip radius ratio of
0.50 1s requlred. As the air is turned toward the axlal direction from
the initial direction, more area 1s available between bledes and must be
reduced by converging the shrouds. QGreater energy addltion 1s possible
if the mean radius ¢f rotation is increased and therefore the inner
shroud radius only 1s usually increased. For compressors with low hub-
tip radius ratios and high over-all pressure rabtios, the rapld rate of
change of curveture of the hub causes severe pressure gradlents frcm.hub
to tip. In eddition, the usual reversal of curvature near the outlet
further complicates the pressure gradients. Because lengthening the
flow path to reduce the magnitude of the cuwrvature results ln a long
heavy compressor, a more suitable solution might be to curve the outer
shroud inward to introduce opposite pressure.gradients. In this case,
the mean radius will be Increaged by a smaller amount; and greater
turning than for a constant outer dlameter will be requlired for a gilven
pressure ratio. _Because the turning in the counterrotating compressor
is not excessive, a slight increase may offer a reasonsble compromise.

In any rotating compressor, a problem which 1s further asggravated
by low hub-tip radius retios 1s the desirability of equal energy eddi-
tion from hub to tip. Because the blade speed &t the lower radli i1s
less, the relative turning must be greater for equivalent erergy addi-
tion. In a rotor with radial-element blading, a long tail section would
be necessary to provide extra turning at the roat. At the lower tip
speeds made possible by counterrotastion, departures from.radial element
blades may be made which could shorten the length of a rotor,

In additlon, the higher velocities at the hub of the flrst-stage
rotor at the outlet (resulting from radial equilibrium and greater
turning) are a form of negative prerotation for the second-stage rotor
which allows equal energy addlition in the second stage with less
turning then would otherwise be required. Also, the blade height at
the inlet of the second-stage rotor is less than that of the first-
stage rotor and therefore the variatlon In inlet conditions from hub
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to tip is less. Design conditions which result 1n equal energy addition
from hub to tip across the second stage usually result in discharge flow
angles which are qpite uvniform from hub to tip, a prerequisite for good

stator design.

The resulits of an spproximate three-dimensionel design of a counter-
rotating compressor for a pressure raktio of 8 at a tip speed of 1300 feet
per second is presented in table I. Adigbatic efflciencies of 0.90 and
0.85 were assumed for the two stages, no gulde vanes were used, and
40-percent conversion was assumed for the first stage. BRadial equilibrium
was assumed to exist at the outlet of each compressor stage. Correspon-
ding values of the design variables from cases 1, 2, and 3 at a blade
speed comparable to the mean radius of this compressor at discharge are
shown for comparison. '

First stage. - In the three-dimensional design, the hub-tip radius
ratioco at the inlet was 0.5 and the tip radius ratio was reduced to 0.9
in the first stage. The change in curvature along the hub was not
excessive for the depth of wheel shown by table I. The assumptlon of
conversion to static pressure of 40 percent of the difference between
total and static pressure in the flrst stage resuvlited in a tilp relative
Mech number at the blade exit of 0.82. The turning in the first stage
was 44° at the tip and 54° at the hub for -the stage pressure ratio of
2.5. These values of turning are higher than those obtained from the
one-dimensional enalysis for a comparable first-stage pressure ratio.
The inlet relative Mach number, which varies from 1.40 to 0.83 from tip
to hub, is considerably lower, on the average, than those obtalned from
the one-dimensional analysis.

Second stage. - The inlet Mach number of the second stage increases
from tip to hub because of both radial equilibrium in the previous stage
and additional first-stage turning at the hub for equel energy addition.
As a result, the average value 1is somewhst higher than would be indicated
by the one-dimensional gnalysis for the same stage pressure ratio. The
aebsolute Mach number at discharge shows a similer trend, slthough the
values are still at a very reasonsble level for stator design (<1.3).
The radial distributions of second-stage inlet angle, turning, and ocutlet
angle are gll quite uniform. It should be noted that, although the nomi-
nal tip speed of the compressor is 1300 feet per second, actually the
mean tip speed of the first stage is 1235 feet per second and of the
second stage, 1203 feet per second as a result of the changes in tip
radius.

In general, the three-dimensional design resuibs valldate the trends
shown in the one-dimensionsal anslysis.
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PRESENT AND FUTURE POSSIBILITIES OF COUNTERROTATION

From the component efficiencies of two compressor units which have
been tested at the NACA Lewls laboratory, the present day potentialities
of a counterrotating axial-flow compressor may be examined. For a pres-
sure ratio of 5 at a blade speed of 1100 feet per second, about 20°
of first-stage and 53° of second-stage turning are required (fig. 10).
Unpublished data for the rotor of reference 4, operating at 1100 feet per
second with about 20° turning at the tip and with over 40-percent con-
verslon, indicate an adiabatic efficlency of 0.90. From figure 11, the
second-stage 1nlet Mach number for this design would be 1.57. Unpub-
lished runs of a supersonic campressor operating at deslign speed in
Freon-12 (dichlorodifluoromethane, a commercial refrigerant) show that
with inlet Mach number of 1.55 and turning of about 60°, the rotor
adiabatic efflclency was 0.85. 1In addition, the relative Mach number
at discharge was only 0.75, which would result in & lower stator inlet
Mach number than those used in this analysis.

From these data then, it seems permissible to predict-that a
counterrotating supersonic compressor which would deliver a pressure
ratio of 5 at an efficiency of more than 80 percent with weight flows of
30 pounds per second per square foot frontal area at the reasonsble tip
speed of 1100 feet per second could be bullt from existing information.

This hypothetical compressor wnit-would then mateh existling compres-
sors on the basis of weight flow and efficlency at a pressure ratlo of S
and at & tip speed currently practical. The nunber of blades and stages
required is nearly the minimum possible. The inertia of each of the two
rotating elements would be very similar, which should help starting and
acceleration problems. In additlon, the gyroscopic forces on each rotor
resulting from the turning of the unit in flight would oppose one
ancther and thus reduce'the over-all gyroscoplc effect on the alrcraft.

Specifically, the counterrotating supersonic axial-flow compressor
could compete with the subsonlic axial-flow compressor in terms of welght
flow, efficlency, and pressure ratlo at comparable tip speeds with much
less length and fewer blades. This supersonlc axial-flow compressor
would more than douvble the flow cepaclty of the centrifugal-type compres-~
sor at lower stress levels end with better efficlency, and would require
lower tip speeds, turning angles, and Mach numbers than the single-stage
supersonic compressor, which should result in better efficilency.

From the design values of the approximate compressor example for a
pressure ratio of 8 (table I), it may be seen that the first-stage flow
conditions for higher pressure levels alsc lie wilthin the scope of
existing experience. In the second stage, however, the inlet relative
Mach number 1s higher than has been obtailned with single-stage units.
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The efficient diffusion of air from Mach numbers of this order of magni-
tude is the subject of Intensive study at present, in connection with
ram-jet inlets as well as wlth stators (reference 2). Advances in this
Tield of research would lead directly to increased pressure ratio poten-
tial for the counterrotating supersonic compressor.

RESULTS AND CONCLUSIONS

An evaluation of the potentislities of an axisl-flow counterrotating
supersonic compressor was made. In order to determine the magnltude of
the major design variebles at the various pressure ratio levels, a one-
dimensional analysis was made for blade speeds at intervals from 1000 to
1400 feet per second. From the one-dimensional analysis the following
results were obtained:

1. High over-all totel-pressure ratios were obtained in the counter-
rotating compressor without exceeding present aserodynamic limits.

2. For over-all pressure ratios between 4 and 8, the wvalues of
first-stage relstlve Mach number, first- and second-stage turning angle,
and blade speed represented a lowering of limits as compared with
existing single-stage supersonic compressors.

3. Mach numbers relative to the second-stage inlet were inherently
high, but sppeared reasonsble (1.6) for over-all pressure ratios below 6.

4. Discharge angles were relatively low and might possibly be held
low enough to eliminate stators altogether.

5. For purely axial discharge the over-all enthalpy rise was
evenly distributed between stages. At greater discharge angles the
second~stage enthalpy rise exceeded that of the first stage, although
the pressure ratlo did not in all cases.

6« Inlet guide vanes which imposed prerotation against the direc-
tlon of rotation were of no great advantage on the basis of lncreasing
energy addition and might be harmful to the enthalpy-rise distribution
in some cases.

An approximate three-dimensional design wvalidated the general
trends given by the one-dimensional analysis. For the same stage pres-
sure ratios, however, the average velocities were lower at the lnlet and
higher throughout the rest of the compressor than those glven by the one-
dimensional analysis. For equal energy addition from hub to tip, more
turning was required along the hub than along the tip in both stages.
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From component efficlencies of compressor stages presently available,
1t seems possible to design a ccunterro_tating_'_compr_egsor fur & pressure
ratio of 5 which could compete successfully with known compressor types.
If the weight penalty resulting from the mechanical problems of coaxial
shafts were not too severe, s distinct adveniage over existling types
would be possible.

Lewls Flight Propulsion Laboratory
Natlional Advisory Committee for Aeronsutics

Cleveland, Ohlo
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AFPENDIX A

SYMBOLS

The following symbols are used in this report:

a sonic veloeity

M Mech number, V/a

P total pressure

P atatic pressure

T total temperature

v veloclity

B angle of air with respect to axls of rotation
T ratio of specific heats

Mg 2adisbatic efficiency

wr tip speed

Subscripts:

1 first-stage inlet

2 first-stage outlet

3 second-stage inlet

4 second-sgstage outlet

a stagnation

z axlsl component

e tangential (whirl) component
Superscript:

! relative
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SAMPLE CALCULATION
The following assumpitlions were made:

Blade speed (both stages), ftfsec « . . « « .« « . . ¢ . ¢ . . . . .1200

Inlet axial Mach number e ¢ « e ¢ e = s e 8 u s e s e e s e 0.7
Prerotation (negative), deg « « « « « « « o « o ¢ o o s o o s o o 10
Adisbetlc efficlency, first stage + + ¢« ¢ o ¢ v ¢ ¢+ + + ¢« ¢« ¢« « « 0.90
Adiebetic efficlency, second stage .« ¢« ¢« ¢ ¢« ¢ ¢ ¢ = ¢« ¢« « « « « 0.85
Conversion in first stage, percent of difference between relative
total and static pressure converted to static pressure . . « . 40
Outlet whirl component, first stage, ftfsec « « « « . . « . . . . 1000
Outlet whirl component, second stege, ft/sec « s e e s e & 4 4 s 400
Qutlet absolute Mach NUIDET « & « o ¢ « o o o o o a o = ¢ o o s s 1.2

Flrst, Stege

With the inlet-gulde-vane vector dlagram shown, the absolute Mach
10°
P

Mz,l = 0.70

1

V1

Vo,1
number 1s O-70/cos 10° = 0.71. At standard inlet conditions of pressure
and temperature (from teble I of reference 5), a/asg = 0.9531 and sonic
velocity &j = 0.9531X 1117 = 1066 ft/sec.
Thus,

V,,1= 0.70X 1066 = 746 ft/sec

V, = 0.71X 1066 = 758 ft/sec

V, , = 758 sin 10° = 132 ft/sec
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The first-stage inlet diagram at wr = 1200 +then becomes

v = 746

Z,1

The angle of the relative veloclty component
B! = tan~l 1332/746 = 60.7°
and

V)= 746/cos 60.7 = 1515 f£t/sec

M! = 1515/1066 = 1.429

For the criterion for the deceleration in the first stage, 40 percent of
the difference between relative static and total pressure at the inlet
was assumed to be converted to statlc pressure within the blades.

Thus,
' = p! + 0.40 (P! - p!
P, =D (B; -21)
pt Pl Pr . P! Pl P’
-2 = 0.60 57 o7 + 0-40 =7 = =7 (0.60 Zr + 0.40
p! PP P P P
2 1 2 2 2 1

The ratio pi/Pi may be found from tebles for the Mach number M. The
ratlo Pi Pé 1s the inverse of the recovery factor for the blades.
From the ratio pz'/]?é, the relative Mach nunber at the blede discharge
Mé may be found.
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In assigning an efficiency value—to a supersonic compressor, &
common method is to choose a value for the recovery factor of the blades
Pé/Pi. However, as will be shown in appendix C, this assumption results

in increasing values of adlebatic efficlency as the pressure ratio is
lncreased. Of course, this condition is contrary to most experience in
compressor work. It was concluded that a more realistic assumption
would be that of constant adilsbatic efficiency per stage-

The first-stage pressure ratio may be found as follows:

- S

T-1
14 Tlad (T"l) wr (VﬁLl + ve)z)}
3
8a,l1

I-:U L_"'d
H

= |1

. 0:90 (0.4) 1200 (13241000)]%*°
11172

3.5
= [1.3915] = 3.17

From this pressure ratio and the adiabatic efficiency of 0.90, the
recovery factor may be found to be 0.899 from flgure l4.

1
Py 0.60X0.3016 + 0.40

MZl &= 00815
afa, = 0.9396 when M} = 0.815 from tebles

afag = 0.8425 vhen' M; = 1.429

Since the stagnation sonlc. veloclty relative to the blades remains
unchanged.,, o - .o :

a1 X 0.9396

V) = 1190X 0.815 = 970 f£t/sec
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With the sssumed value of Vg p of 1000 ft/sec, the outlet diagrem

becomes

The relative angle
B = sin™t 200/970 = 11.9

The first-stage turning
! - B! = 60.7 -~ 11.9 = 48.8°
By ~ Py =

and
Vg,2 = 970 cos 11.9 = 951 fi/sec
-1 o
By = tan™ 1000/951 = 46.5
Vg = 951/cos 46.5° = 1380 ft/sec

M, = 1380/1190 = 1.16

The total-temperature ratio
T
2 [1 4 9-4x1200 (1132) | _ 1 426

—
T 11172

Thus,
Tz = 518.6 X1.436 = 744

and

8q,2 = 49.01A/744 = 1338

19
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Becond Stage

Addition of the second-stage blade speed in the opposite direction
results in the following dilagrem for the second-stage inlet:

Vi o= 951/cos 66.6 = 2400

Ml = 2400/1190 = 2.01

For the assumed outlet whirl component of 400 ft/sec the outlet
diagram 1s

The second-stage temperature ratio is
T, - (v-1) ar (VG‘,:,J + V

T
3 a&, 22

9,4)

=1 4 (y-1) 1200 (1200 + 400)
1336
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T, = 1.3767/744 = 1025° R
- 8,4 = 49.010/I025 = 1570 ft/sec
At a Mach number of 1.2,

afa, = 0.8811 (tables)

a, = 0.8811X 1570 = 1384 ft/sec

6992

Vy = 1.2 X1384 = 1660 ft/sec
B, = sin~l 400/1660 = 15.9°

V, , = 1660 cos 13.9° = 1615 £t/sec

Zy4

M, 4 = 1615/1384 = 1.168

Second-stage turning
AB! = 66.6 - 26.3 m 40.3°
V) = 1615/cos 26.3 = 1801
- | M} = 1801/1384 = 1.3
Seeond-stage pressure ratlo

-
1

— T-
P -
e 1., (r-Lnggq ar (Vo o + Vg )
F2 aa,Zz

13362

e 3'5
_ |1 . -1 o.85x% 1200 (1ooo+4oo):’

= [1.32]%"° = 2.642
Over-all pressure ratio

Pz P4
2 X == 3.17X 2.642 = 8.38
Py B2
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DEVELOPMENT (QF RELATION BETWEEN RECOVERY FACTCR
AND ADIABATIC EFFICIERNCY

In the design of supersonic compressors, the greatest single prob-
lem 1s the efficient diffusion of alr relative to elther rotor or stator
blades. A large amount of the information pertaining to supersonic
diffusion hes been obtained .in wind tunnels with statlionary diffusers
or blade cascades. It is customary to express the performance of-such
diffusers in terms of recovery factor, that—is, the ratic of outlet
total pressure to inlet total pressure, yrelative to the diffuser. In
compressor work, recovery factor may be expressed in terms of known
relations as follows:

d
Mg
Wl

D

1
2
1 1 1

"UI*U

2

The terms Pl/P]’_ and Pé/Pz are point functions and may be
transformed by lsentropic relations as follows:

Y

-1
1
P, By (% T3

mr
LT )

Because the total temperature relative to the blades remains
constant, 'T]‘_ = Tz‘ and

T-1
F2_Fa (%
P, T PL\T

1 1\z

From the definition of adisbatlic efficlency,
-1

P T

2
T (...) - 1
1

PIL .

Ngg =
'I'z -'l‘l
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-1
| |\ = -1
To ad Pl
i
Ty Mag
and by substitution,
X
T-1
f2_ T2 Ned
BPf P -1
1 1 KPZ)T
= - 14+1
Pl ad.

In figure 14 the relation between pressure recovery and adisbatic
efficiency is given for a range of pressure ratios at intervals of
adiabatic efficiency from 60 to 100 percent. The dashed lines of fig-
ure 14 represent contours of constant enthalpy rise snd correspond to
the pressure-ratlo scale only when standard inlet conditions are assumed.

From figure 14 it may be seen that at low pressure ratios, small
decreases in pressure recovery will result in larger dec¢reases in adia-
batic efficiency. As stage pressure ratio increases, adlgbatic effi-
ciency increases for constant vaelues of pressure recovery.
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TABLE I - COMPARISON OF AN APPROXIMATE THREE-DIMENSIONAL DESIGN FOR A TIP SPEED
OF 1300 FEET PER SECOND WITH ONE-DIMENSIONAL ANALYSIS AT A BLADE SPEED COM-
PARABLE WITH THAT AT THE OUTLET MEAN RADIUS

. »

Concept Three-dimensional. . | One-dimensional
design deslgn
Radius . Case
Tip | Mean l Hub 1 [ 2 | 3
Pirst stage

Inlet radius ratio. . 1.0 0.791 0.5 1.0 1.0 1.0 |’
Inlet angle, ﬂi, deg 60.2° |54 41 58.2 |58.2 |58.2
Inlet Mach number, Mi | 1.404; 1.189 | .928 1.32( 1.32| 1.32
Turning angle, deg 43.7 50.3 53.8 60 48 35
Outlet angle, 52; deg 44.5 43,3 48.6 54 48.5 |44
Qutlet radius ratio .90 .811 .705 ————m——— e e
Stage pressure ratilo 2.525| 2.445 2.54 3.45| 2.93| 2.44

Secori stage

Inlet angle, Bi, deg 66.2 |61.5 62.2 70 68.5 |68

Inlet Mach number, Mé 1.95 2.086 2.15 2.21| 2.05; 1.89
Turning angle, deg 48 48,2 48.7 21 41 .5 |52 .
Outlet angle, 54’ deg 26.9 28 26.3 o] 15 30
Outlet radius ratio’ .95 .918 B T: 78 N P ——
Outlet Mach number, M4 1.20 I.29: 1.29 .70} 1.2 1.2
Stage pressure ratio . 3.27 3.33 3.21 2.53| 2.76] 3.30

Both stagea

Over-all pressure ratio | 8.285 | 8.15 | 8516'| 8 | 8 | 8

Ratio of radius to tip radius

_ Center line

f’
° C
Sl
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Figure 1. - Typicel vector dlsgrams for counterrotating supersonic axlal-flow campressors.
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Rotor relative twrning angle, deg
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Rotor relative turning angle, deg
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Rotor relative turning angle, deg
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Mach number relative to blades
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Figure 13. - Comparison of first and second stages with and without 109 prerctation. . T

Case 3; blade speed, 1200 feet per second.
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